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BIOMEDICAL DEVICES WITH ANTIMICROBIAL COATINGS 

ABSTRACT 

Biomedical devices with antimicrobial coatings are provided. One or more 
surfaces of the device are coated with lactoferrin to impart antimicrobial properties to 
the surface. 
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BIOMEDICAL DEVICES WITH ANTIMICROBIAL COATINGS 

Field of the Invention 
This invention relates to coated devices. In particular, the invention provides 
biomedical devices on the surfaces of which antimicrobial protein coatings are 
formed. 

Background of the Invention 
Devices for use in and on the human body are well known. The chemical 
composition of the surfaces of such devices plays a pivotal role in dictating the 
overall efficacy of the devices. Additionally, it is known that providing such devices 
with an antimicrobial surface is advantageous. 

A wide variety of bactericidal and bacteriostatic coatings have been 
developed. For example, cationic antibiotics, such as polymyxin, vancomycin, and 
tetracycline have been used as coatings for contact lenses. Further, metal chelating 
agents, substituted and unsubstituted polyhydric phenols, aminophenols, alcohols, 
acid and amine derivatives, and.quarternary ammonium have been used as 
antimicrobial agents for contact lenses. 

However, the use of these known antimicrobial coatings has disadvantages. 
With the use of antibiotic coatings, microorganisms resistant to the antibiotics may 
develop. Chelating agent use fails to address the numbers of bacteria that adhere to 
the device. Some of the prior art coatings, for example phenol derivatives and 
cresols, can produce ocular toxicity or allergic reactions. Quaternary ammonium 
compounds are problematic because of their irritancy. Thus, a need exists for safe 
and effective antimicrobial coatings that overcomes at least some of these 
disadvantages. 
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Brief Description of the Drawing 
FIG. 1 is a graph depicting the results of testing to determine bacterial growth 
in lactoferrin. 

Detailed Description of the Invention and Preferred Embodiments 
The present invention provides biomedical devices with an antimicrobial 
coating and processes for the production of the biomedical devices. It is an 
unexpected discovery of the invention that certain proteins may be used to provide 
antimicrobial coatings for biomedical devices. In particular, it is one discovery of the 
invention that lactofeirrin, when used as a surface coating, prevents growth of bacteria 
adhered to a biomedi<^al device 

In one embodiment, the invention provides a device comprising, consisting 
essentially of, and consisting of a biomedical device at least one surface of which 
comprises, consists essentially o£ and consists of lactoferrin. In yet another 
embodiment, a method for manufacturing biomedical devices comprising, consisting 
essentially of, and consisting of contacting at least one surface of a biomedical device 
with a coating effective amount of lactoferrin is provided. 

By "biomedical device' 9 is meant any device designed to be used while in or 
on either or both human tissue or fluid. Examples of such devices include, without 
limitation, stents, implants, catheters, and ophthalmic lenses. In a preferred 
embodiment, the biomedical device is an ophthalmic lens including, without 
limitation, contact or intraocular lenses. More preferably, the device is a contact lens 

Lactoferrin is a protein that occurs naturally in human tears and is the 
dominant iron-binding protein in mucosal fluids. Lactoferrin functions to limit the 
amount of extracellular iron available to bacteria Apart from its iron chelating effect, 
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lactoferrin also is known to destabilize the outer membranes of gram negative 
bacteria. 

Lactoferrin useful in the invention is commercially available, such as human 
and bovine lactoferrin. Alternatively, synthetic lactoferrin made by known synthesis 
methods may be used. Preferably, the degree of purity of the lactoferrin used is 
about 80 percent. 

Lactoferrin may be bound to polymer surfaces of a biomedical device by 
coupling a group in the lactoferrin structure with a group on the polymer. This may 
be either a direct reaction or a reaction in which a coupling agent reacts to couple the 
polymer and the lactoferrin. A direct reaction also may be accomplished by the use 
of a reagent or reaction that activates a group on the polymer or the lactoferrin 
making it reactive with a functional group on the lactoferrin or polymer without the 
incorporation of a coupling agent. 

For example, one or more amine groups on the lactoferrin may be reacted 
directly with isothiocyanate, isocyanate, acyl azide, N-hydroxysuccinimide ester, 
sulfonyl chloride, art aldehyde, glyoxal, epoxide, carbonate, aryl halide, imido ester, 
or an.anhydride group on the polymer. Preferably, carboxyl groups on the polymer 
surface can be activated for reaction with the amine groups of the lactoferrin using N, 
N-carbonyldiimidazole, carbodiimides such as l-ethyl-3-(3-<limethylaminopropyl) 
carbodiimide ('TEDC"), dicyclohexyl carbodiimide, l-cyclohexyl-3-(2- 
mofphohnoethyl)ca]rbodiimide, diisopropyl carbodiimide or mixtures thereof The 
carbodiimides also may be used with N-hydroxysuccinimide or N- 
hydroxysulfosuccinjimide to form esters that can react with amines to form amides. 
Other reagents that can be used to projpipte the reaction of amines with carboxylic 
acids include N-ethyl-3-phenylisoxazolium-3 '-sulfonate and N,N'- 
carbonyldiimidazole 
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Alternatively, amine groups may be coupled to the polymer by the formation 
of Schiff bases that can be reduced with agents such as sodium cyanoborohydride and 
the like to form hydrolytically stable amine links. Coupling agents useful for this 

5 purpose include, without limitation, N-hydroxysuccinimide esters, such as 
dithiobis(succinimidyl]5ropionate), 3,3 9 -dhhiobis(sulfosuccinimidylpropionate), 
disuccinimidyl suberate, bis(sulfosuccinimidyl) su berate, disuccinimidyl tartarate and 
the like, imidoesters, including without limitation dimethyl adipimate, 
difluorobenzene derivatives, including without limitation l,5-difluoro-2,4- 

10 dinitrobenzene, bromofimctional aldehydes, including without limitation 

gluteraldehyde, and bis epoxides, including without limitation 1,4-butanediol 
diglycidyl ether. One ordinarily skilled in the art will recognize that other coupling 
agents may be used depending on the functional groups on the polymer surface. 

15 Any biomedical device having a polymer surface with reactive groups suitable 

for reacting with the lactoferrin according to the processes of the invention may be 
used. One ordinarily skilled in the art will recognize that, if the desired polymer 
surface does not contain suitable reactive groups, reactive groups may be 
incorporated into the polymer by conventional organic synthesis methods. 

20 Alternatively, the reactive groups may be introduced by the addition of polymerizable 
monomers containing reactive groups into the monomer mixture used to form the 
polymer. 

Examples of useful polymer surfaces are surfaces formed from, without 
25 limitation, polymers and copolymers of styrene and substituted styrenes, ethylene, 
propylene, acrylates iind methacrylates, N-vinyl lactams, acrylamides and 
methacrylamides, acrylonitrile, acrylic and methacrylic acids as well as polyurethanes, 
polyesters, polydimetiiylsiloxanes and mixtures thereof Such polymers may include 
hydrogels and silicone containing hydrogels. Preferably, lightly crosslinked polymers 
30 and copolymers of 2 -hydroxyethylmethacrylate CTHEMA") are used By 'Tightly 
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crosslinked" is meant that the polymer has a low enough crosslink density so that it 
is soft and elastic at room temperature Typically, a lightly crosslinked polymer will 
have about 0. 1 to about 1 crosslinking molecule per about 100 repeating monomer 
5 units. Examples of suitable lightly crosslinked HEMA polymers and copolymers 
include without limitation, ETAFILCON™ and copolymers of glycerol methacrylate 
and HEMA. Also preferably, silicone hydrogels, especially those of hydrophilic 
monomers, such as N,N-dimethylacrylamide, are used. 

10 In one embodiment of the process for making the device of the invention, the 

surface to be coated is contacted with the lactoferrin and at least one coupling agent 
and/or activating reagent in any convenient manner. For example, the device may be 
placed in a solution of lactoferrin and solvent into which the coupling agent or 
activating reagent is added. As an alternative, the device surface may first be treated 

15 with the coupling agent or activating reagent and the surface then placed in a 

lactoferrin solution. i\s yet another alternative, the lactoferrin may be reacted alone 
with the polymer surface. 

Suitable solvents for use in the invention are those that are capable of 
20 dissolving lactoferrin and/or the coupling agent or activating reagent. Preferably, the 
coating process is earned out in water, alcohol, or mixtures thereof. EDC is effective 
in aqueous solutions and, thus, is a preferred activating agent. 

The coupling agents or activating agents may be used alone or in combination 
25 with agents capable of stabilizing any reactive intermediate formed. For example, 
EDC may be used with N-hydroxysuccinimide as a stabilizer. Additionally, it may be 
necessary to adjust the solution pH. Preferably, the pH is adjusted to about 2.0 to 
about 9.0, more preferably about 4 0 to about 7.5. 
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A coupling effective amount of the coupling agent is used which amount is 
sufficient to couple the lactoferrin to the device surface. Alternatively, an activating 
effective amount of the activating reagent is used which amount is sufficient to render 
the lactoferrin and polymer surface reactive to each other. The precise amount of 
coupling agent or activating reagent used will depend on the surface's chemistry as 
well as the agent or nsagent selected. Generally, about 0.01 to about 10 weight 
percent, preferably about 0.01 to about 5.0, more preferably, about 0.01 to about 1 
weight percent of coupling agent is used based on the weight of the coating solution. 
By coating solution is meant the lactoferrin with one or more of the solvent, coupling 
agent, activating reagent and buffer. Typically, the amount of coating solution used 
per lens will be about 0 1 ml to about 100 ml, preferably about 0.2 ml to about 80 ml, 
more preferably about 0.5 ml to about 10 ml per lens is used. If an activating reagent 
is used, about 0. 1 mg to about 100 mg, preferably about 1 0 to about 50 mg per lens 
of activating reagent is used. 

In the processes of the invention, a coating effective amount of lactoferrin is 
used meaning an amount that when contacted with the surface is sufficient to coat the 
surface so as to impart the desired antimicrobial properties to the surface. In the case 
of contact lenses, generally, the amount of lactoferrin contacted with the lens is about 
0. 1 to about 100 mg, preferably about 2 mg to about 50 mg per lens. The amount of 
coating resulting per contact lens is about 0. 1 to about 1000 yig. 

Temperature and pressure are not critical to the processes of the invention 
and the process may be conveniently carried out at room temperature and pressure. 
The contact time used will be a length of time sufficient to coat the surface to the 
extent desired. Preferably, contact time is about 0.5 to about 24 hours. 

Following contacting, the surface may be washed with water or buffered 
saline solution to remove unreacted lactoferrin, coupling agent, activating reagent, 
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solvent, and byproducts. Optionally, the coated surface may be heated in water to 
extract residual coating, coupling agent, activating reagent, and byproducts and to 
ensure the break down of any coupling agent - stabilizer complexes that may have 
5 formed 

One ordinarily skilled in the art will recognize that the polymer for producing 
the surface to be coated by the method of the invention may contain other monomers 
and additives. For example, ultra-violet absorbing monomers, reactive tints, 
10 processing aids, and the like may be used. 

The invention will be further clarified by a consideration of the following, 
non-limiting examples. 

15 

Example 1 

All strains were incubated for 18 hours at 35° C, then subcukured into 10 ml of 
tryptone soya broth (TSB; Oxoid) or, in the case of Haemophilus influenzae, 12 ml of 

20 cerebrospinal fluid (CSF; Oxoid). Bacteria were grown to stationary phase in batch 
culture for 18 hours at 35° C without agitation, subsequently harvested by centrifugation 
(2060 x g) at 25° C, and washed three tiroes in 10 ml phosphate-buffered saline (PBS; 
0.137MNad2.6mM KC1, 1 5 mM KH2PO4, 1.66 mM NazHPO^ pH 7.4). After the 
final wash, the bacteria were re-suspended in PBS, an optical density of 1 0 at 660 ran 

25 (ODtfo) equivalent to approximately 1 0 x 10 9 cfu/ml. 



30 
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Strain 


Species 


Source 


Pacrl 


Pseudomonas aeruginosa 


Contact lens induced acute red eye (CLARE) 


PaerS 


P. aeruginosa 


Corneal infiltrates 


6206 


P. aeruginosa 


Bacterial keratitis 


6294 


P. aeruginosa 


Bacterial keratitis 


ATCC 15442 


P. aeruginosa 




ATCC 19660 


P. aeruginosa 




Afayd3 


Aeromonas hydro phi la 


CLARE 


Ecol8 


Escherichia coLi 


CLARE 


Hinfl 


Haemophilus influenzae 


CLARE 


Slk)38 


Serrana iiquefadens 


CLARE 


Smar5 


Serraha marcescens 


CLARE 


XmallO 


Stenotrophomonas maitophiba 


CLARE 



To test the ability of the protein lactoferrin to support bacterial growth, a viability 
count of bacteria in tkie presence of lactoferrin was carried out. Bacteria of all twelve 
strains were grown, harvested, and re-suspended according to the methods given above. 

10 Suspensions of bacteria were mixed with human milk lactoferrin to give a final bacterial 
concentration of 10 3 <rfu/ml and final lactoferrin concentration of 2 5 mg/m in a final 
volume of 200 |oL The lactoferrin concentration was chosen to approximate the 
concentration in human tears For each strain a negative control was also used 
comprising only bacteria (10 3 cfii/^L) in PBS. Solutions were assayed immediately, or 

15 incubated at 35° C with agitation, and assayed at time intervals of 1 hour, 4 hours, and 24 
hours. Viable counts were assayed by plating out log serial dilutions of each suspension 
onto nutrient agar or, in the case of Hinfl , onto chocolate agar to assay viable counts. 
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The results are presented in FIG. 1 The data demonstrate that lactoferrin did not 
decrease the growth of bacteria after 24 h incubation, but rather induced an increase in 
growth for most strains. Values are means ± standard deviations (four replicates per 
5 strain) The results, presented as cfu/jil, are shown for 24 hours of incubation Hinfl 
showed no viable counts after 4 hours in either PBS or lactoferrin, and is omitted from the 
graph. 

Example 2 

10 HEMA-based hydrogel lenses were treated with 2.5 mg/ml colostrum 

lactoferrin for 18 h at 35° C. After treatment, the amount of lactoferrin adsorbed 
onto the lens surface was assessed using iodine- 125 labeled lactoferrin. The lenses 
were washed with PBS and the amount of lactoferrin measured using a gamma- 
counter. Approximately 17 ng of lactoferrin per mm 2 of lens surface, or 

15 approximately Ijag/ lens, was adsorbed onto the surface. 

Three lenses were incubated for 10 min at 35° C in 500 pJ of bacterial 
suspension, then washed three times in 1 ml PBS. Two methods for measuring 
bacterial adhesion were used, a total count of bacteria and a count of attached viable 

20 bacteria. For total counts, the lenses were stained with crystal violet for 5 min, 
washed twice in PBS, and examined microscopically. Bacterial numbers in 5 fields 
per lens were counted and converted to numbers of bacteria/mm 2 . For viable counts, 
lenses were macerated in 2ml PBS and subsequently diluted serially and aliquots 
plated onto agar plates After incubation of the plates at 35° C for 18 h, the number 

25 of bacteria/mm 2 of lens was calculated. Results for strain Paerl are shown on Table 
2. 



30 
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Table 2 



Treatment 


Reduction in Bacterial Growth (%) 


Lactofemn Adsorbed Lens 


50 


Lens Without Lactofemn Coating 


-7 



The viable counts on the lactoferrin coated lenses were significantly reduced 
5 compared to the total count. This result was unexpected because lactoferrin in 

solution alone, as shown in Example 1, was not capable of significantly reducing the 
bacteria recovered. 

Example 3 

50 mg lactoferrin, bovine colostrum - Sigma, and 20 hydrogel contact lenses 
in 16.6 ml of deionized water were added to 0.30 g l-[3^dimethylamino)propyl]-3- 
ethylcarbodiimide hydrochloride CEDC") After stirring 21 h at room temperature, 
the lenses were rinsed with multiple changes of solution over 24 h. Extraction with 
4M guanidine hydrochloride removed 3 jig unbound lactoferrin per lens. Hydrolysis 
with concentrated HC1 and subsequent amino acid analysis showed 63 \i% bound 
lactoferrin per lens. 

Three lenses were incubated for 10 minutes at 35° C in 500|al bacterial 
suspension, then washed three times in 1 ml PBS. Total count of attached bacteria 
and a count of attached viable bacteria were carried out as for Example 2. Results for 
strain Paerl are sho\*n in Table 3. There was reduced growth after adhesion to 
contact lenses covalently coated with lactoferrin. 



15 



25 
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Table 3 



Bacterial sti-ain 


% reduction in bacterial 
growth - Non-lactoferrin 
lenses 


% reduction in bacterial 
growth - lactofemn lenses 


Paerl 


0.4 


98 



The data showed thai; covalently bonded lactofemn had a greater impact on bacterial 
5 growth than that previously observed for lactoferrin adsorbed/absorbed to the contact 
lens surface 

Example 4 

10 P. aeruginosa 6294, P. aeruginosa ATCC 15442 and P. aeruginosa 6206 

were added to contact lenses with covalently attached lactoferrin and assayed as 
described in Example 2. The results show that these strains also show a reduction in 
bacterial growth after exposure to lactoferrin covalently linked to the contact lens 
surface 

15 

Table 4 



Bacterial strain 


% reduction in bacterial 
growth - lactoferrin 
lenses 


6294 


98 


ATCC 15442 


95 


6206 


90 
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These results demonstrate that lactoferrin covalently bound to a hydrogel contact lens 
is able to prevent the growth of different bacterial strains. 

5 Comparative Example 

Chick eye white lysozyme (2.0 mg/ml) and bovine colostrum lactoferrin (2.5 
mg/ml) were each adsorbed to different HEMA based hydrogel lenses for 1 8h at 3 5° 
C. After incubation and washing in PBS three times the lenses were incubated for 10 
minutes at 35° C in 500 |il bacterial suspension, then washed three times in 1 ml PBS. 

10 The two methods for measuring bacterial adhesion of Example 2 were used, a total 
count of attached bacteria and a count of attached viable bacteria. Results for strain 
Paerl are shown in Taible 5. 



Table 5 



Bacteria strain 


% reduction in adhesion 




Lysozyme-coating 


Lactoferrin-coating 


Paerl 


11% 


50% 



15 



As can be seen in Table 5, lysozyme adsorbed to the contact lens only 
reduced bacterial adhesion by 1 1% and this decrease in viability compared to total 
counts was not statistically significant. On the other hand the lactoferrin adsorbed 
lens showed a significant reduction in viability after initial adhesion (p<0.05). Thus 
20 not all tear proteins, or all amine containing molecules, show significant reduction in 
the ability of bacteria to grow after initial attachment. 
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The embodiments of the invention in which an exclusive property or privilege is 
claimed are defined as follows: 

1 . A biomedical device having at least one surface comprising lactoferrin. 

2. The biomedical device of claim 1, wherein the device is a contact lens. 

3. The biomedical device of claim 1 , wherein the surface further comprises a 
polymer selected from the group consisting of hydrogels, silicone containing 
hydrogels, polymers and copolymers of 2-hydroxyethylmethacrylate and mixtures 
thereof. 

4. The biomedical device of claim 3, wherein the polymer is a hydrogel. 

5. The biomedical device of claim 3, wherein the polymer is a silicone containing 
hydrogel. 

6. The biomedical device of claim 3, wherein the polymer is a polymer or 
copolymer of 2-hydroxyethylmethacrylate. 

7. The biomedical device of claim 6, wherein the copolymer of 2- 
hydroxyethylmethacrylate is a lightly crosslinked copolymer of 2- 
hydroxyethylmetacrylate. 

8. A contact lens having at least one surface comprising lactoferrin. 

9. The contact lens of claim 8, wherein the surface further comprises a polymer 
selected from the group consisting of hydrogels, silicone containing hydrogels, 
polymers and copolymers of 2-hydroxyethylmethacrylate and mixtiures thereof. 

10. The contact lens of claim 9, wherein the polymers is a hydrogel. 
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1 1 The contact lens of claim 9 wherein the polymer is a silicone containing 
hydrogel. 

5 12. The contact lens of claim 9 wherein the polymer is a polymer or copolymer of 
2-hydroxyethylmethacrylate 

1 3 . The contact lens of claim 1 2 wherein the copolymer of 2- 
hydroxyethylmethacryrlate is a lightly crosslinked copolymer of 2- 

10 hydroxyethylmethacrylate. 

14. The contact l<sns of claim 8 wherein the amount of lactoferrin is about 0. 1 to 
about 1000 \ig per contact lens. 

15 15. A process for manufacturing a device comprising the step of contacting at 
least one surface of a, biomedical device with a coating effective amount of 
lactoferrin. 

1 6. The process of claim 1 5 wherein the biomedical device is a contact lens. 

20 

17. The process of claim 1 S wherein further comprising contacting the biomedical 
device with a coupling effective amount of a coupling agent. 

18. The process of claim 1 5 wherein further comprising contacting the biomedical 
25 device with a activating effective amount of an activating reagent 

19 A process for producing a contact lens comprising the step of contacting at 
least one surface of Hhe lens with a coating effective amount of lactoferrin and a 
coupling effective amount of a coupling agent or an activating amount of an 
30 activating reagent 
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20 The process of claim 19, wherein the coating effective amount of lactoferrift iJ 
about 0. 1 to about 100 mg per contact lens. 
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